Experimental myocardial infarction was induced in rats. The myocardial accumulation of hyaluronan (HA) and water during the development of infarction was measured. The extractable HA content of the infarcted area increased progressively from day 1 and on day 3 reached a threefold increase compared with the HA amounts in myocardium of sham operated controls. The relative water content of infarcted areas also increased progressively reaching a maximum value by day 3 and was strongly correlated with the HA accumulation. Affinity histochemistry visualized a thin rim of HA in the endoperimysium in healthy myocardium. By day 2 an interstitial edema with inflammatory cells was apparent. The widened endoperimysium stained extensively for HA. By its water-binding ability, interstitial accumulation of HA will contribute to the interstitial edema in infarcted myocardial tissue. An interstitial edema is likely to influence the electromechanical characteristics of the myocardium and facilitate reentry phenomena due to a loss of contact between muscle cells. The edema also induces an increased extracellular pressure and an altered myocardial wall compliance that might impair myocardial microcirculation. The findings are relevant to an understanding of the beneficial effect of hyaluronidase treatment in limiting cellular damage during myocardial ischemia. (J. Clin. Invest. 1991. 88:1622-1628
Introduction
In acute myocardial infarction the ischemic area is subject to an inflammatory response with the appearance of white blood cells and formation ofedema. This environment is the preparatory phase for the subsequent repair, which is characterized by remodelling of the connective tissue and synthesis of collagen. The early stage of formation and remodelling ofthe extracellular matrix has been little studied but is of importance not only in the development of granulation tissue for the subsequent repair but also in the final function of the damaged myocardium.
Accumulation of the connective tissue component hyaluronan (hyaluronic acid by older nomenclature), is an early event in tissue repair. Hyaluronan (HA)' is a linear carbohydrate polymer and is an important constituent of loose connective Address correspondence to Dr. Anders Waldenstrom, Department of Internal Medicine, University Hospital, S-751 85 Uppsala, Sweden. Receivedfor publication 30 May 1990 and in revisedform 20 May 1991. tissue (1, 2) . The properties of HA are of importance in water homeostasis by attracting water and resisting water flow (2, 3) . Thus, excessive accumulation of HA in interstitial tissue is related to an increased water content and thereby contributes to the interstitial edema seen in inflammatory states (4, 5) . It has been suspected that HA is accumulated in infarcted tissue concomitantly with water retention (6) but the time of onset and duration ofstructural changes in myocardial HA are unknown. It may be hypothesized that HA synthesis is increased in critically ischemic tissue and that the water-binding properties of HA are ofgreat importance to the development ofedema in the ischemic myocardium, influencing both the mechanical and electrophysiological functions of the heart. We here present a study of the temporal accumulation of water and HA and its localization in infarcting rat heart tissue.
Methods
Male Sprague-Dawley rats weighing 550-690 g were anesthetized by placing the rats in a plastic container with an inlet tube for anesthetic gas and an outlet tube for evacuation of scavenger gases. For induction of anesthesia, 4% enflurane (Efrane"; Abbott Laboratories, North Chicago, IL), 3 liters N20/min and 0.5 liters 02/min were used. When anesthetized, a mask with inlet and outlet tubes was placed over the nose and mouth and anesthesia was maintained with the mentioned gases during spontaneous breathing. At day 0 the heart was exposed through a left lateral thoracotomy. A 5-0 suture was inserted around the left anterior descending (LAD) artery. Before tying the ligature, pure oxygen with 1% enflurane was offered. The thoracotomy was thereafter closed in three layers. The sham operated animals obtained no LAD ligature, but were otherwise treated as the LAD ligated rats.
The rats were killed at day I (n = 4), 2 (n = 4), 3 (n = 5), or 4 (n =6) after induction of myocardial ischemia and at day 1 (n = 2), 3 (n = 5), and 4 (n = 5) after sham operation. The rats were anesthetized with pentobarbital (150 mg/kg i.p.) whereafter the hearts were rapidly extirpated. The apical part was first cut and used for histopathologic examination (see below). Thereafter, one biopsy, -3 X 3 X 3 mm, was taken from the infarcted area in the anterior wall and another was taken from a normal area of the posterior wall. Care was taken to avoid biopsy material from the border zone ofthe infarct. The biopsies were weighed and freeze dried.
Heart tissue preparation, extraction oftissue hyaluronan, and calculation ofwater content. The procedure has been previously described (7) . In Before staining for HA, the heart tissues were dehydrated in ethanol, cleared in xylene, embedded in paraffin and transverse sections, 5 Mm thick, were taken for staining. The staining for HA was performed according to the principles given by Ripellino and associates (I 1) and as previously described by us (7) .
After incubation with biotinylated HABP, staining was performed using ABC Vectastain Reagent (Vector Laboratories, Inc., Burlingame, CA) using 3-amino-9-ethylcarbazol as substrate. The specificity of the reaction was checked with Streptomyces hyaluronidase (7). For histopathologic investigations, serial sections were also stained with hematoxylin-eosin.
Statistics. For statistical evaluation Student's paired ttest and analysis of variance were used. P values < 0.05 were considered statistically significant. Values are presented as means±SD. n = indicates the number of animals.
Results
Histopathological features and localization of hyaluronan in the heart tissue ( Fig. 1) . A total ofseven different rat hearts was investigated histologically. Two rats were sham operated and killed after 24 h. One rat was killed at day 1, three rats at day 2, and one rat at day 3 after induction of myocardial infarction.
After staining with hematoxylin-eosin a subepicardial infiltration ofinflammatory cells was observed on sections from all, even the sham operated, hearts and was interpreted as an unspecific response to surgery. In the sham operated animals the myocardium was undamaged without infiltration ofinflammatory cells, with homogenous staining ofmyocytes and with well preserved cross striations.
At day 1 after LAD-ligation muscle fibers of the anterior wall were swollen and exhibited a variable degree of eosinophilic staining. In minor areas signs of hypercontraction were seen in isolated myocytes. There was also a scattered infiltration of inflammatory cells and microvascular stasis in the infarcted area.
At day 2 the infarcted area was clearly visible and there was an increased distance between myocytes, indicative of an increased water content. At this time it was obvious that LAD-ligation caused a very patchy infarction, which subendocardially encircled the entire left ventricle but was most pronounced in the anterior wall and transmural in a minor area only. In addition there were small microinfarctions in the form of patchy areas in the lateral and posterior walls.
At day 3 there was a widespread total necrosis of the myocytes within the infarcted area with the appearance of a large number of foam cell like macrophages.
The hyaluronan distribution in the sham operated animals was identical to that previously stated (7) . There was thus a positive staining for hyaluronan in the very narrow space between the individual myocytes, the endomysium, but also in the coarser connective tissue fasciculi of the perimysium around groups of muscle cells. In addition, there was a positive staining for hyaluronan in the wide epimysial connective tissue and around vessels.
At day 1 after LAD-ligation there was an increased patchiness in the hyaluronan staining but it was not possible to definitely relate the more intensively stained regions to regions where muscle necrosis was morphologically seen at that time.
At day 2 the relative area ofeach section staining for hyaluronan was considerably increased in the infarcted zone. The staining was entirely located in the widened endomysium, i.e., the area for interstitial inflammation and edema (Fig. 1, A and B).
At day 3 there was an intense staining for hyaluronan in the necrotic myocardium (Fig. 1 , C and D; left part ofthe figures). The widened interstitial space between preserved myocytes also stained intensely for hyaluronan. The negative staining of a serial section which was stained after incubation with Streptomyces hyaluronidase shows that the staining technique is specific for hyaluronan (Fig. 1 E) .
The hyaluronan content of the heart tissue ( Fig. 2) . The concentration of HA in the hearts of sham operated rats (n = 12) was similarin the anteriorwall (209±37 ug/gd.w.) and in the posterior wall (203±29 gg/g d.w.) as determined by extracting the freeze-dried and homogenized heart tissue with 0.5 M NaCl. There was no difference in anterior or posterior wall HA content between days 1, 3, and 4 in sham operated animals (analysis of variance). In the infarcted hearts (n = 19), the HA content of noninfarcted areas reached a maximum on day 2 (492±119 ,g/g d.w.) and thereafter decreased. The HA content of infarcted areas reached its maximum on day 3 (678±192 .ug/g d.w.) and decreased on day 4. At day 3 the HA content of the infarcted area was in the order of 75% higher than in the noninfarcted areas (P < 0.05), and three times higher than the sham operated animals (P < 0.001). The increase of HA in noninfarcted myocardium of hearts subjected to LAD ligation was statistically significant compared with the HA content in myocardium of sham operated animals.
The water content ofheart tissue (Figs. 3 and 4) . The relative water content in hearts ofthe sham operated rats (n = 12) was on average 75.1±0.6%. There was no difference in water content between days 1, 3, and 4 in sham operated animals (analysis of variance). In the operated hearts (n = 19) the relative water content increased significantly in the infarcted area from day 1 to a maximum level by day 3 (79.9±0.7%); the values were significantly higher both when compared with -sham operated hearts and with the noninfarcted areas of the same heart. The relative water content of noninfarcted areas increased to a maximum level on day 3 of 77.4+0.3%. The tissue content of HA exhibited a high degree of correlation (r = 0.71 ) to the relative water content of the tissue. 1. Figure 1 . In hematoxylin-eosin staining of a section at postinfarction day 2 (A) infarction area is seen in the upper left part, and normal myocardium at the lower right. Scattered infiltration of inflammatory cells and a widened endomysium is seen in the infarction area. In a serial section (B) stained for visualization of HA the very restricted staining in the endomysium of the normal myocardium is seen in the lower right corner and the widespread staining of the endomysium of the infarcted area at top left. Original magnification X64. In hematoxylin-eosin staining of a section at postinfarction day 3 (C) a patchy total necrosis is seen with large amounts of inflammatory cell in the left part and preserved myocytes surrounded by certain endomysial widening in the right part. In a serial section stained for visualization of HA (D) the intense staining of the necrotic area (left) is obvious, but there is also an intense staining of the widened epimysium between preserved myocytes (arrow). There is no staining for HA in a section pretreated with streptomyces hyaluronidase (E). Original magnification x400.
Discussion
Hyaluronidase is reported to be beneficial in limiting cellular damage during myocardial ischemia. This has been shown in rats, dogs, and recently in man (12-15). However, the mechanisms by which hyaluronidase acts on the ischemic myocardium is still not known despite the fact that the first report was published in 1959 (6) . It has been speculated that hyaluronidase reduces tissue water accumulation, thus reducing tissue pressure and allowing better perfusion (6, 12, 15) . In the isolated perfused rat heart it has been shown that hyaluronidase decreases interstitial volume of edematous ischemic hearts (16 By using biotin-labelled proteoglycan core protein and an avidin-enzyme system (11), we have visualized HA in the healthy rat heart and followed the accumulation ofHA in noninfarcted and infarcted rat heart tissue. The presence ofmost of the HA in the healthy heart in the epi-and perimysium reflects the established role of HA in the stabilization ofthe tissue matrix. In the infarcted area a progressive accumulation of HA in the edematous interstitium was apparent during the first four days after infarction. The microscopic findings ofa progressive HA accumulation during infarction were confirmed by direct biochemical assay of tissue HA. The increased concentration of HA in the noninfarcted myocardial tissue by day 2 after LAD ligation may have several explanations. First, the surgical trauma might affect HA kinetics for instance by altering lymph drainage from the myocardium. A second, probably more important, explanation is the finding that a thin subendocardial area was infarcted around the ventricular circumference. Third, there were small focal areas of necrosis seen in the septa, dorsal, and lateral walls, i.e., regions not affected by the LAD ligature. These microinfarctions, which were seen at day 1 . , ' " . , . ' . -D . , , . , , . , . , . J -: _ . . . The synthesis ofa matrix rich in HA seems to be an important event during the early stages ofthe formation and remodelling of embryonic tissue and during wound repair (26) . The matrix is thereby stabilized and cell infiltration and migration are stimulated (25) (26) (27) (28) (29) . Thus, the early accumulation of HA and water in the myocardial interstitial tissue during infarction may facilitate the cell infiltration and scar formation. Development ofedema in ischemic tissue might, however, be a threat to myocardial function due to compression of capillaries and to increased diffusion distance. On the other hand, Rovetto (12) did not find any change ofglucose use in hyaluronidase-treated hearts although the lactate concentration was reduced. Hyaluronidase treatment obviously decreases HA content early in experimental infarction (13) and in parallel there is a decrease in water content (6) . By inspecting the micrographs in our study it is easy to understand that HA accumulation and edema resulting in loss ofcontact between cells might be a good explanation for altered electromechanical characteristics and development of reentry phenomena.
In a recent trial, hyaluronidase was used as a treatment to myocardial infarction patients (15) . Those patients who had early peaking of myocardium-specific creatine kinase in plasma suggestive of reperfusion showed reduced mortality. The authors suggested that the beneficial effect might be due to an altered repair or healing also discussed in this paper but again a normalized microcirculation may be an important part of this process. Therapeutic studies of hyaluronidase in experimental myocardial infarction are now underway with special reference to the inflammatory and connective tissue response and their influence on microcirculation.
